c-Maf, which is one of the large Maf transcription factors, can bind to Maf recognition element (MARE) and activates transcription of target genes. Although c-Maf is expressed in macrophages and directly regulates the expression of interleukin-10, detailed information regarding its function in the null mutant phenotype of tissue macrophages remain unknown. In this study, we demonstrated that c-Maf is specifically expressed in the F4/80 positive fetal liver and adult macrophages. The expression of F4/80, which is a tissue macrophage-specific seven trans-membrane receptor, was dramatically suppressed in the c-Maf-deficient macrophage, whereas the expression of Mac-1 was not affected, suggesting that c-Maf is not necessary for the lineage commitment of macrophages. Luciferase reporter and electrophoretic mobility shift assay showed that c-Maf directly regulates the expression of F4/80 by interacting with the half-MARE site of the F4/80 promoter. These results suggest that c-Maf is required for the F4/80 expression in macrophages in vivo.
Introduction
The c-Maf is a large Maf transcription factor and a cellular homolog of v-Maf that was isolated from a musculoaponeurotic fibrosarcoma of chicken and identified as the trans-forming gene of the avian retrovirus AS42 [1] . The large Maf proteins, Mafa, Mafb, c-Maf and Nrl, contain an acidic domain that promotes transcriptional activation, and a basic region and an amphipathic helix (bZip) domain that mediate DNA binding to Maf recognition elements (MAREs) [2] [3] [4] and dimer formation, respectively. Each large Maf protein has been shown to play key roles in cellular differentiation [1, [5] [6] [7] [8] [9] [10] [11] . c-Maf is expressed in lens fiber cells [9] , central nervous system [12] , chondrocytes [12, 13] , T helper cells [14] , and macrophages [15, 16] . c-Maf-deficient mice (c-Maf -/-) exhibited abnormal lens development [9] , impaired expression of IL-4 and IL-21 in the T helper cells [14, 17] and suppressed expression of IL-10 in the LPS-stimulated macrophages [15, 16] . c-Maf directly interacts with Ets-1 and c-Myb, and this transcriptional complex is active in early myeloid cell differentiation [18] . However, detailed characterization of the c-Maf function in tissue macrophages still remains unknown.
We previously reported that in the F4/80 promoter region there is a highly-conserved half-MARE site, which is essential for the transcriptional activation of F4/80 gene by Mafb, other member of the large Maf transcription factor family [10] . F4/80 was established as one of the most specific cell-surface markers for the murine tissue macrophages [19, 20] . Recently, it was reported that F4/80 was crucial for the generation of the antigen specific regulatory T cell that is essential for peripheral tolerance induction [21] .
In the present report, we analyzed c-Maf -/mice and demonstrated that c-Maf is predominantly expressed in the F4/80-positive fetal liver macrophages, and is essential for the F4/80 expression. However, expression of Mac-1 was not altered in c-Maf -/fetal liver macrophage in comparison with that of the wild-type (WT) control. The results obtained from the luciferase reporter assay as well as EMSA showed that c-Maf bound to the MARE site of the F4/80 promoter region. These data suggest that c-Maf is required for the expression of F4/80 in vivo as same as Mafb [10] . Regulation of F4/80 by the large Maf transcription factors might control the induction of antigen specific peripheral tolerance.
Materials and methods
Animals. c-Maf -/mice were originally generated with a 129/Sv background [9] and have been backcrossed to C57BL/6J for more than seven generations.
Genotypes were determined by PCR analysis of tail DNA. The nucleotide sequences of the primers used for the PCR analysis are follows: c-Maf 1829s (orf) The italicized sequences represent the mutated site. For transient transcription, the c-Maf expression plasmid pEFX3-FLAG-c-Maf, construction of which was previously described [23] was used. Reporter and effecter plasmids were transfected into the RAW264.7 cells, luciferase assays were performed as described [10] .
Electrophoretic mobility shift assay (EMSA). c-Maf and mock-control proteins were prepared from the 293T cells that were transiently transfected with either the expression plasmid pEFX3-FLAG-Mafb or the mock vector pEFX3-FLAG.
Nuclear extracts were prepared using a NucBuster Protein Extraction Kit ( Statistical analysis. The results were recorded as mean ± standard error of the mean.
Data were analyzed by t-test to determine statistically significant difference.
Result
c-Maf is specifically expressed in the fetal liver macrophages. c-Maf -/mice were originally generated with a 129/Sv background, died within a few hours after birth [9] . Unexpectedly, c-Maf -/mice with C57BL/6 genetic background, c-Maf-deficient mice showed embryonic lethality around e15.5 (data not shown).
Therefore (Fig. 2D, middle panel) . However, expression of c-Maf mRNA was not observed in c-Maf -/- (Fig. 2D, right panel) . To determine the cause for this reduction, we performed a colony assay using the WT and c-Maf -/fetal liver cells in the presence of IL-3 and GM-CSF, and found virtually no difference between the number of macrophage colonies formed as a result of this treatment ( Fig. 2E ).
Hence, these results also suggest that c-Maf is required for the maturation of macrophages or expression of F4/80 in fetal liver cells in vivo, but is not essential for the macrophage lineage commitment.
c-Maf is also essential for F4/80 expression in adult bone marrow macrophages.
Since c-Maf -/mice with C57BL/6 background are embryonic lethal around e15.5, c-Maf directly activates F4/80 expression. We have previously reported that the Mafb is required for F4/80 expression in fetal liver macrophages, and that the F4/80 reporter was activated by exogenous Mafb expression in the macrophage cell line RAW264.7 [10] . We found that F4/80 promoter region contains a highly conserved MARE site (Fig. 4A ). Therefore, we hypothesized that c-Maf could The F4/80 is a seven trans-membrane receptor, which was shown as one of the most specific cell-surface markers for the murine macrophages [19, 20] . A recent study showed that F4/80 is required for the differentiation of antigen-specific CD8 + Treg cells, a process that requires direct cellar interaction of CD1d + APCs with NK-T cells [21] . Although the F4/80 protein seems to have a biologically important function, information regarding its regulation at the transcriptional stage are lacking. The F4/80 has been reported to be highly and constitutively expressed in most resident tissue macrophages, including the red pulp macrophages in the spleen, microglia in the brain, Kupffer's cells in the liver and Langerhans' cells in the skin [24] . On the contrary, F4/80 is expressed at lower levels in activated macrophages isolated from bacilli Calmette-Guerin-infected animals [25] .
Similarly, F4/80 expression is down regulated in IFN-γ treated macrophages [26] .
These observations suggested that the expression of F4/80 might be under flexible transcriptional regulatory control for appropriate immunological response. We have previously demonstrated that other member of the large Maf transcription factors, Mafb, directly regulates F4/80 expression in E14.5 fetal liver, P0 spleen and cultured macrophage under non-adherent culture condition. Our results showed that the c-Maf is expressed specifically in the F4/80 positive cells and is also required for F4/80 expression ( Fig. 2A and B) . Furthermore, the observed reduction in F4/80 expression in c-Maf -/-E14.5 fetal liver macrophages is more than that was previously observed in Mafb -/- [10] . Taken together, these results suggest that c-Maf might be involved in regulating F4/80 expression. Our results are in good agreement with this idea, as we have found a half-MARE site in the 5'-flanking region of the F4/80 gene. This half-MARE site is highly conserved among mammals (Fig. 3A) . We have demonstrated in this paper that the c-Maf binds to the half-MARE site and activates the F4/80 promoter ( Fig. 3B and C) . Since we have also found that the Mafb could bind to this half-MARE site (data not shown), we suggest that the F4/80 expression in macrophages might be cooperatively regulated were also found in the F4/80 promoter region [22] . Studies showing that PU.1 and AP-1 could dimerize with large Mafs [27, 28] , and that C/EBP binding activity was affected by c-Maf [15] tend to suggest that the regulation of F4/80 expression might be complicated. Further analysis are needed to elucidate the detail mechanism.
In summary, we found that in addition to Mafb, the c-Maf is a key regulator for F4/80 expression in fetal liver and adult macrophages. It would be interesting to generate c-Maf and Mafb double mutant mice for an understanding of the mechanisms involved in regulating the F4/80 expression and peripheral tolerance. 
